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Abstract
Under the assumption of classical conformal invariance, we study the Coleman-Weinberg symmetry
breaking mechanism in the minimal left-right symmetric model. This model is attractive as it provides
a natural framework for small neutrino masses and the restoration of parity as a good symmetry of
nature. We find that, in a large fraction of the parameter space, the parity symmetry is maximally
broken by quantum corrections in the Coleman-Weinberg potential, which are a consequence of the
conformal anomaly. As the left-right symmetry breaking scale is connected to the Planck scale through
the logarithmic running of the dimensionless couplings of the scalar potential, a large separation of the
two scales can be dynamically generated. The symmetry breaking dynamics of the model was studied
using a renormalization group analysis. Electroweak symmetry breaking is triggered by the breakdown
of left-right symmetry, and the left-right breaking scale is therefore expected in the few TeV range. The
phenomenological implications of the symmetry breaking mechanism are discussed.
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1 Introduction
The Standard Model (SM) of particle physics has been explaining a wide variety of experimental observations
and even its quantum nature has been established by e.g. the correct prediction of the top mass by its
imprint on electroweak precision observables. The most unsatisfying part of the SM, however, is given by
its description of electroweak symmetry breaking via the Higgs mechanism. As the mass term of the Higgs
field is quadratically sensitive to the physics at the cutoff scale Λ, its smallness vis-a-vis e.g. the Planck
scale or any other high energy scale poses a severe naturalness problem. Furthermore, the origin of the large
hierarchy between the Planck scaleMP and the electroweak scale µ remains unexplained. This has motivated
many extensions of the SM such as models based on supersymmetry, which explains the stability and the
electroweak scale is linked to the supersymmetry scale, as well as extra dimensions, where the fundamental
(4+N)-dimensional Planck scale is lowered.
The Higgs mass term as the only super-renormalizable operator in the SM lies at the heart of the hierarchy
problem. Since it is also the only dimensionful parameter in the SM, its absence leads to classical conformal
invariance of the SM. It has been argued by Bardeen [1] that once classical conformal invariance is imposed on
the SM, the quadratic divergences appear as unphysical manifestations of the chosen regularization procedure
and disappear by the use the anomalous Ward identity of conformal invariance, which ensures a minimal
breaking of conformal symmetry by the anomaly. Of course, this can not be considered as a solution of the
hierarchy problem, as this argument cannot be invoked for embeddings of the SM in an underlying quantum
field theory.
Recently, however, this idea was reconsidered by Meissner and Nicolai [2–4], who argued that classical
conformal invariance of the particle physics action might be a consequence of a finite quantum gravitational
embedding at the Planck scale. The logarithmic contributions to the effective action, which are proportional
to the beta functions and thus lie at the heart of the anomaly, are reinterpreted as the leading quantum
gravitational effects in the particle physics action. Electroweak symmetry breaking would then be triggered
by Planck scale effects. While the generation of the hierarchy of the two scales can be explained by the
logarithms which communicate the conformal breaking down from the Planck scale physics, the stabilization
of the electroweak scale is due to assumption that the Wilsonian argument does not apply to the Planck
scale. If one should call this a solution to the hierarchy problem, we leave up to the reader.
Electroweak precision measurements and results from flavor physics seem to indicate that the physics of
electroweak symmetry breaking might be less rich than initially hoped for and we are thus motivated to study
more minimalistic proposals. Note, however, that there are a number of criteria that a classically conformally
invariant theory has to fulfill, if one wants to embed it at the Planck scale in this way: there should be no
Landau poles up to the Planck scale; the Higgs potential should remain stable up to the Planck scale; and
there can not be any intermediate scale. Before we discuss a realization of this idea in the context of low-
scale left-right symmetry, let us first briefly review the Coleman-Weinberg symmetry breaking mechanism.
In their classic study of massless scalar quantum electrodynamics, they showed that the conformal invariance
is broken by quantum corrections to the effective potential. If one chooses the renormalization group scale
such that the tree-level potential vanishes, the Coleman-Weinberg potential lifts the flat direction and the
scalar mass is one-loop suppressed with respect to the gauge boson mass (and calculable!).
In the CW calculation, perturbative reliability of the calculation requires the one-loop gauge contribu-
tion to the effective potential to be smaller than the tree level term. The tree level potential thus has to be
sufficiently flat which can be achieved by a suitable renormalization point. The logarithmic renormalization
group (RG) running can then naturally explain a hierarchy between the initial scale and the symmetry break-
ing scale. In the scale-invariant SM, however, due to the large top mass mt > mZ the effective potential is
rendered unstable [5] and the SM thus has to be extended. As new scalar and vector degrees of freedom give
positive contributions to the effective potential it is not surprising that e.g for shadow [2, 6, 7] and other [8]
extensions of the Higgs sector this problem can be circumvented and a successful phenomenology can be
achieved.
In this work instead of adding singlets to the SM we discuss conformal invariance in the context of the
minimal left-right symmetric model based on the gauge group SU(2)L × SU(2)R × U(1)B−L × SU(3)C [9]
that has been long known as an attractive extension of the SM as it explains parity violation by spontaneous
symmetry breaking and has a natural place for neutrino masses. For simplicity, we restrict ourselves to the
1
particle parity P Z4 Spin(1, 3)× (SU(2)L × SU(2)R)× (SU(3)C ×U(1)B−L)
L1,2,3 =
(
LL
−iLR
)
PPL(t,−x) LR → iLR
[(
1
2 ,0
)
(2,1) +
(
0, 12
)
(1,2)
]
(1,−1)
Q1,2,3 =
(
QL
−iQR
)
PPQ(t,−x) QR → −iQR
[(
1
2 ,0
)
(2,1) +
(
0, 12
)
(1,2)
] (
3, 13
)
 =
(
0 Φ
−Φ˜† 0
)
P†P(t,−x) → i (0,0) (2,2) (1, 0)
	 =
(
χL
−iχR
)
P	(t,−x) χR → −iχR (0,0) [(2,1) + (1,2)] (1,−1)
Table 1: Particle content in spinor notation. Φ is the bidoublet in the notation of [15] and Φ˜ = σ2Φ∗σ2 is the charge conjugate.
P = γ0 and P = Γ4 denote the Lorentz group and Spin(4) parity matrices, respectively. The decomposition in physical fields
and the complete Lagrangian are presented in App. B.
simplest version of the minimal LR symmetric model (including a Z4 symmetry [10]) which contains, in
addition to the bidoublet, a pair of doublets that are used to break LR symmetry. In this context, neutrinos
are Dirac particles. Majorana neutrinos are obtained either via the seesaw mechanism [11] if there are
triplets [12] instead of doublets or by an inverse seesaw mechanism [13] if there is an additional scalar singlet
and at least two fermionic singlets.
As the one-loop effective (Coleman-Weinberg) potential of a gauge theory with an extended Higgs sector
–such as the minimal LR symmetric model we are considering here– contains contributions from several mass
scales, there are multiple logarithms with different arguments which complicate the minimization. However,
the one loop contribution within the perturbative regime becomes only important in parameter space regions
of a small tree-level potential. Therefore, we use the method of Gildener and Weinberg (GW) [14] in the
discussion of the Higgs potential.
The outline of the paper is as follows. In Sec. 2, we outline the model, review the GW method and discuss
how parity is spontaneously broken in the simplified Higgs potential containing doublets only. In order to
discuss the RG flow, the beta functions have been calculated and the relevant ones are presented. In Sec. 3,
we include the bidoublet in the discussion, at first, as a perturbation and subsequently, we discuss the Higgs
potential of bidoublet and doublets. Furthermore, we discuss fermion masses and the bounds from flavor
changing neutral currents (FCNCs). Finally, we summarize and draw our conclusions in Sec. 4. The beta
functions of the minimal LR symmetric model as well as other details are summarized in the appendix.
2 Spontaneous Breaking of Parity
In this chapter, we first review the GW method to investigate the parity breaking in scale invariant scalar
potentials. Then we apply it to the minimal LR symmetric potential and discuss how parity is broken.
Finally we demonstrate how the GW conditions are achieved by renormalization group (RG) evolution.
2.1 Gildener Weinberg Method in the Minimal LR Symmetric Potential
As parity is a symmetry of the left-right symmetric model, we use the isomorphism SU(2)× SU(2) ∼= Spin(4)
to express all fields in terms of representations of Spin(4), which is described by the Clifford algebra of
SO(4)1. In this simplified notation, the bidoublet  is represented by a complex vector representation and
the additional left- and right-handed Higgs doublets χL, χR, as well as the SM fermions, form Spin(4) Dirac
spinors. The particle content of the minimal left-right symmetric model is shown in Tab. 1. In the Spin(4)
notation, the most general scale- and gauge-invariant scalar potential2 respecting the Z4 symmetry is given
1Mathematical details of the Spin(4) group are summarized in App. A.
2The complete Lagrangian is shown in App. B.
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by:
V(,	) = κ1
2
(
		
)2
+
κ2
2
(
	Γ	
)2
+ λ1
(
tr†
)2
+ λ2
(
tr+ tr††
)2
+ λ3
(
tr− tr††)2
+ β1 		tr
†+ f1 	Γ[†,]	 ,
(1)
where Γ = Γ1Γ2Γ3Γ4 denotes the chirality operator of Spin(4) and the ΓA form a representation of the
Clifford algebra of Spin(4). As all couplings are real, the Higgs potential is CP conserving. The separate
Spin(4) transformations of 	 and  are broken to the diagonal subgroup, unless the coupling f1 vanishes.
Note, the operator of β1 can be rewritten as 		tr† = 2	{†,}	. Due to the conformal symmetry, the
dimension three term 		 is not allowed and thus there is an accidental symmetry A	 : 	→ eiβΓ	 whose
implications are discussed in more detail in Sec. 3.3.
As we assume the theory to be weakly coupled, quantum corrections can be taken into account by a loop
expansion of the effective potential. We will consider the effective potential up to one loop. In order to
discuss symmetry breaking, we have to minimize the potential. However, even the minimization of the one-
loop effective potential cannot be done analytically in the case of multiple scalar fields. Instead of resorting
to a numerical study, we will use the analytical approximate method of Gildener and Weinberg [14] which
makes essential use of the renormalization group.
GW have noted that for a generic scale invariant potential of the form
V0 =
1
24
fijklΦiΦjΦkΦl (2)
the renormalization group can be used to enforce a single condition on the scalar couplings of the theory:
min
NiNi=1
(fijkl(µGW )NiNjNkNl)
∣∣∣
Ni=ni
= 0. (3)
This condition entails that at the scale µGW , the scalar potential has a tree level flat direction Φi = niφ.
Barring the possibility of accidental additional flat directions, radiative corrections dominate in this direction
in field space while they can be neglected in all other directions (see [14]). In the MS scheme, the one-loop
effective potential in the flat direction Φ = nφ can be easily calculated [16] to be
δV (nφ) = Aφ4 +Bφ4 ln
φ2
µ2GW
(4)
with
A =
1
64pi2〈φ〉4
∑
i
niM
4
i (n〈φ〉)
(
ln
M2i (n〈φ〉)
〈φ〉2 − ci
)
(5a)
B =
1
64pi2〈φ〉4
∑
i
niM
4
i (n〈φ〉) , (5b)
where ni denotes the degrees of freedom, Mi is the mass and ci = 32 for scalars and fermions and ci =
5
6 for
gauge bosons. The stationary condition ∂δV1−loop∂φ
∣∣∣
φ=〈φ〉
= 0 results in
ln
〈φ〉2
µ2GW
= −1
2
− A
B
(6)
and the mass of the excitation in the flat direction – so called scalon s, which is the pseudo-Nambu Goldstone
boson (pNGB) of broken scale invariance – is given by
M2S = ninj
∂2δV (nφ)
∂φi∂φj
∣∣∣∣
n〈φ〉
=
d2
dφ2
V (nφ)
∣∣∣∣
〈φ〉
= 8B 〈φ〉2 = 1
8pi2 〈φ〉2
(
trM4S + 3trM
4
V − 4trM4D
)
. (7)
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From Eq. (3), we see that the application of the GW method in the context of the minimal left-right
symmetric potential requires the minimization of this very complicated potential on a unit sphere in field
space. Parameterizing the scalar fields as
	 =
1√
2

N1e
iθ
N5e
iϑ5
N2e
iϑ2
N6e
iϑ6
φ and Φ = 12
(
N3e
iϑ3 N7e
iϑ7
N8e
iϑ8 N4e
iα
)
φ , (8)
the GW conditions read∑
i
n2i = 1, V
∣∣∣
Ni=ni
= 0 and
∂
∂Ni
V
∣∣∣
Ni=ni
= 0 (9)
where {ni} parameterizes a flat direction of the left-right symmetric potential. The first condition normalizes
the VEVs such that the sum of squares lies on a unit sphere. The second condition ensures that the potential
vanishes along the flat direction. Finally, the third set of relations is the condition of the flat direction to be
actually an extremum. Hence, we are minimizing the Higgs potential with two constraints.
We restrict ourselves to the case where the electromagnetic gauge group is left unbroken as required by
phenomenology. Hence the VEV configuration of a certain flat direction is given by
〈	〉 =

vLe
iθ
0
vR
0
 = 1√2

n1e
iθ
0
n2
0
 〈φ〉 and 〈Φ〉 = 1√2
(
κ 0
0 κ′eiα
)
=
1
2
(
n3 0
0 n4e
iα
)
〈φ〉.
(10)
We have used the gauge freedom to set the phases ϑ2 = ϑ3 = 0. The relation to the VEVs defined is given
by
vL = n1
〈φ〉√
2
vR = n2
〈φ〉√
2
κ = n3
〈φ〉√
2
κ′ = n4
〈φ〉√
2
. (11)
The explicit form of the Gildener-Weinberg conditions is given in Eq. (91). In the remainder of this section,
we discuss the limit of vanishing vacuum expectation values for the bidoublet and discuss the RG evolution.
In Sec. 3 we discuss the resulting multi-Higgs doublet model at low-energies and investigate the full Higgs
potential.
2.2 LR Symmetry Breaking in the Limit of Vanishing Bidoublet VEVs
Since phenomenology requires the right-handed VEV vR to be much larger than the electroweak scale, it
is prudent to neglect the bidoublet in a first step and consider the GW mechanism in the Higgs potential
containing only the doublets:
V	 = κ1
2
(
		
)2
+
κ2
2
(
	Γ	
)2
.
Then, in a second step, we will treat the bidoublet potential in the LR-broken phase. In unitary gauge, the
potential at the minimum reads
V	
∣∣∣
Ni=ni
=
1
8
φ4
(
κ1 + κ2(−1 + 2n21)2
)
, (12)
where we have used the normalization condition of the VEVs to eliminate n2. Stability of this potential
requires it to be bounded from below. The term multiplying φ4 therefore has to be positive semi-definite in
the entire range of n1. Inserting the minimum and boundary values n21 = 1/2 and n21 = 1, respectively, we
4
find the stability conditions κ1 ≥ 0 and κ+ = κ1 + κ2 ≥ 0.
The GW conditions after the insertion of the normalization condition3
0 =
∂
∂N1
V	
∣∣∣∣
Ni=ni
=
1
2
n1
(
κ1 + κ2
(−1 + 2n21)) (13a)
0 =
∂
∂N2
V	
∣∣∣∣
Ni=ni
=
1
2
√
1− n21
(
κ1 − κ2
(−1 + 2n21)) (13b)
0 =V	
∣∣∣
Ni=ni
=
1
8
(
κ1 + κ2(−1 + 2n21)2
)
(13c)
allow for three flat directions
1. n1 = 1, n2 = 0, κ+ = 0,
2. n1 = 0, n2 = 1, κ+ = 0 and
3. n1 = n2 = 1√2 , κ1 = 0 .
The first two correspond to parity breaking and are phenomenologically equivalent, since in the unbroken
phase there is no difference between left- and right-handed fields and we can define the direction which
acquires a VEV as the right-handed one. Therefore, we do not discuss the second flat direction in the
following. If κ2 is negative, there are only maximally left-right symmetry breaking flat directions.
2.3 Renormalization Group Evolution
It is essential to study the RG flow to see whether a hypersurface described by a GW condition is reached
and which one is reached firstly. This decides if a symmetry breaks and how it breaks by this mechanism.
Once the flat direction emerges at tree level, the symmetry is broken and the subsequent running of the
couplings is described by the broken theory. The initial conditions of the RG equations and mainly the beta
functions of κ1 and κ+4
8pi2βκ1 = 5κ
2
1 + 3κ
2
+ +
(
κ1 − 3
4
(
g21 +
3
2
g22
))2
− 3
16
g41 −
3
2
g21g
2
2 −
9
8
g42 + 2f
2
1 + 4β
2
1 (14a)
8pi2βκ+ = 3κ
2
1 + 4κ
2
+ + (κ1 − 2κ+)2 +
(
κ+ − 3
4
(
g21 +
3
2
g22
))2
− 3
16
g41 −
21
16
g21g
2
2 −
63
64
g42 + 4f
2
1 + 4β
2
1
(14b)
determine the relevant GW hypersurface. Note, that βκ1 and βκ+ are positive as long as the gauge couplings
are sufficiently small. This means that coming from a higher scale, κ+ will decrease until the GW condition is
satisfied and κ1 will decrease unless the gauge couplings are large. As we are interested in a parity-breaking
minimum, i.e. a solution for which the GW condition κ+ = 0 is fulfilled, we need κ2 < 0 at the symmetry
breaking scale. This is realized if either κ2 < 0 is also fulfilled at the Planck scale or a small positive value
of κ2 at the Planck scale evolves to a negative one:
8pi2βκ2 = 3
(
κ2 − 1
4
(
g21 +
3
2
g22
))2
+ 3κ22 + 8κ1κ2 −
3
16
(
g41 + 2g
2
1g
2
2 +
3
2
g42
)
+ 2f21 . (15)
In Fig. 1, the RG flow towards lower energies in the κ+–κ1 plane is depicted. The gauge boson contributions
have the effect of deflecting the couplings away from the point of vanishing couplings and also of increasing
the region of parameter space that leads to a maximally symmetry breaking solution.
The logarithmic renormalization group running of the couplings naturally creates a large hierarchy be-
tween the LR breaking scale and the Planck scale. In order to illustrate the hierarchy we show a numerical
example. If κ1(MPl) = 1 and κ2(MPl) = −0.68, the GW condition is fulfilled at µGW ≈ 5.8 TeV with
3We drop the factor φn in the GW conditions.
4All beta functions are summarized in App. C.
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(a) RG flow without gauge boson contributions.
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(b) Modification of RG flow by gauge boson contributions.
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(d) RG flow in the small scalar coupling regime, where the
gauge boson contributions dominate.
Figure 1: For small intermediate couplings between the doublet and bidoublet sectors, the main correction to RG flow in the
κ+–κ1 plane is coming from the gauge boson contributions. In Fig. 1(a), the RG evolution towards lower energies without
gauge bosons contributions is shown. As discussed in Sec. 2.2, for any starting values with κ2 > 0 the parity conserving GW
condition κ1 = 0 is reached eventually and for κ2 < 0 the evolution tends towards the maximally parity-breaking solution
κ+ = 0. The effects of the gauge boson contributions are shown in Fig. 1(b). For simplicity, the gauge couplings have been
fixed to the values at MZ , as they become relevant only at low energy scales. Following the stream lines, it can be seen that
even for positive starting values of κ2, the parity violating minimum might be reached. This region is depicted in Fig. 1(d).
The gauge boson contributions deflect the RG evolution away from the vanishing coupling fixed-point. As the applicability of
the GW formalism requires a sufficiently large κ1 (see the discussion following Eq. (71)), this shows that the GW treatment is
sufficient for a large portion of parameter space.
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κ1(µGW ) = −κ2(µGW ) = 0.46. From the minimum condition Eq. (6) we can determine 〈φ〉 ≈ 10.4 TeV, and
find vR =
〈φ〉√
2
≈ 7.4 TeV. Symmetry breaking then results in three heavy gauge bosons of SU(2)R, four real
components of χL with mass m2 = 2κ1v2R ≈ (7.1 TeV)2 and a scalon with mass
m2s =
3g41 + 6g
2
1g
2
2 + 9g
4
2 + 64κ
2
2
64pi2
v2R ≈ (906 GeV)2 . (16)
Note that there is no fermionic contribution, as the fermions do not couple directly to the doublets.
3 Combined LR and EW Symmetry Breaking
In a next step we aim at the full LR and EW symmetry breaking sequence. At first, we will discuss how the
bidoublet can be included into the discussion and subsequently we demonstrate how the GW conditions can
be solved for the general Higgs potential. Fermion masses and FCNCs are treated in Sec. 3.3. Finally, the
RG evolution is outlined and we argue that the GW method is applicable.
3.1 Discussion of the Bidoublet Part
In the last section, we have seen that by a proper choice of the renormalization point for κ2 < 0 we can
always change the renormalized couplings in such a way that the potential has a flat direction that maximally
breaks parity. We will now extend this result to the case in which the bidoublet acquires a non-vanishing
VEV and therefore breaks electroweak symmetry. For κ1 = −κ2, the potential along the direction ξ = N2φ
is given by
VGW = Aξ4 +Bξ4 ln ξ
2
µ2GW
+
1
2
(
β1tr
†+ f1
(
Γ
[
,†
])
33
)
ξ2, (17)
with A and B being the O (g4) quantities defined in Eq. (5). To be able to decide if radiative symmetry
breaking happens in this direction, the additional terms stemming from the bidoublet should not be larger
than the loop contribution. Assuming all couplings to be of order g2, one therefore needs
tr†
v2R
. O (g2) . (18)
In this limit, it is possible to treat the left-right-symmetry breaking5 without including the bidoublet sector
of the theory. The EWSB induced by the bidoublet VEV 〈〉 is triggered by terms like β1v2Rtr†. Due to
the assumed VEV hierarchy, those terms dominate all quantum fluctuations, which are therefore neglected.
The potential of the bidoublet after LR-symmetry breaking is given by:
V = λ1(ϕ†1ϕ1+ϕ†2ϕ2)2+4λ2(ϕ†2ϕ1+ϕ†1ϕ2)2+4λ3(ϕ†2ϕ1−ϕ†1ϕ2)2+
2β1 − f1
2
v2Rϕ
†
1ϕ1+
2β1 + f1
2
v2Rϕ
†
2ϕ2 (19)
where the bidoublet has been decomposed into
Φ =
1√
2
(−iσ2ϕ∗1, ϕ2) (20)
such that both
ϕ1 =
(
φ−2
∗
−φ01∗
)
and ϕ2 =
(
φ+1
φ02
)
(21)
are weak doublets with hypercharge y = 1/2. To discuss the stability and the minimization of this special
Two Higgs Doublet Model6 (2HDM), we closely follow the approach of Maniatis et. al. [18]. In their work,
5Indeed, it is also possible to use the conventional discussion by Coleman and Weinberg [16].
6See for example [17] and references therein.
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they eliminate all spurious gauge dependent degrees of freedom by discussing the potential in terms of gauge
invariant field bilinears. They observe that the hermitian 2× 2 matrix
M =
(
ϕ†1ϕ1 ϕ
†
2ϕ1
ϕ†1ϕ2 ϕ
†
2ϕ2
)
(22)
contains all relevant terms that show up in the potential. Since the matrix is hermitian, it can be written as
M = 12Kµσ
µ, using the Pauli matrices σµ = (1,σ). The Minkowski-type7 four vector Kµ parameterizes the
gauge orbit of the potential. Positive definiteness (v∗TMv = | v∗1ϕ1 + v∗2ϕ2 |2 ≥ 0) leads to the conditions:
K0 = trM ≥ 0, KµKµ = K20 −K2 = 4 detM ≥ 0. (23)
The allowed range therefore corresponds to the forward light-cone of Minkowski space. Rewriting the po-
tential Eq. (19) in terms of Kµ
V = Kµξµ +KµEµνKν (24)
we can discuss the properties of the potential in a gauge invariant way. For our potential, the parameters
are given by
(ξµ) = 2

β1
2
0
0
− f14
 v2R and (Eµν) =

λ1 0 0 0
0 4λ2 0 0
0 0 −4λ3 0
0 0 0 0
 . (25)
3.1.1 Stability
To discuss the stability of the potential, we define the rescaled vector k˜ = K/K0 = (1,k), for K0 > 0.
K2 ≥ 0 implies |k| ≤ 1. From the form of the quartic part of the potential
V4 = K20
(
E00 + 2E0ik˜i + k˜iE
ij k˜j
)
= K20
(
λ1 + 4k˜
2
1λ2 − 4k˜22λ3
)
=: K20J4(k) , (26)
it is then clear that for the potential to be stable (in the strong sense), the condition J4(k) > 0 has to be
fulfilled. Since the domain is compact, the global minimum of J4(k) will be among the stationary points
of the potential. The stationary points on the inside of the domain can be obtained by taking the gradient
with respect to k, while those on the boundary are obtained by employing the Lagrange multiplier method.
The condition that J4(k) has to be larger than zero for each of those points, implies the following stability
conditions on our potential:
λ1 + 4λ2 > 0, λ1 − 4λ3 > 0, λ1 > 0 . (27)
3.1.2 Minimization
In order to find the global minimum of the potential, we have to find all stationary points within and on the
lightcone. Stationary points within the lightcone have to fulfill
0 =
∂
∂Kµ
V = 2EµνKν + ξµ (28)
with KµKµ > 0. Looking at Eq. (25), we see that for f1 6= 0, this inhomogeneous linear equation does not
have a solution for the potential we are interested in.
The stationary points on the lightcone are obtained by the method of Lagrange multipliers and hence are
given by the stationary points of the function
F (K,u) = V − uKµKµ. (29)
7Under a change of basis
(
ϕ1
ϕ2
)
→ U
(
ϕ1
ϕ2
)
with U ∈ U(2), K0 transforms as a singlet, while K = (K1,K2,K3) transforms
as a vector of U(2). The four vectors with the upper indices are given by Kµ = ηµνKν with the usual Minkowski metric η.
8
Differentiation yields
(Eµν − uηµν)Kν = −1
2
ξµ as well as KµK
µ = 0 and K0 > 0 (30)
For our set of parameters, no solution with det(E − uη) = 0 exist. For regular values of u with det(E − uη) 6= 0,
the solution is given by
Kµ(u) = −1
2
(E − uη)−1µν ξν (31)
and the Lagrange multiplier is obtained from the constraint
0 = Kµ(u)K
µ(u) =
1
4
ξρ (E − uη)−1 ρµ (E − uη)−1µν ξν =: −f˜ ′(u) . (32)
Only positive Lagrange multipliers correspond to minima, the global minimum is determined from the largest
zero of f˜ ′(u)(see [18]) . For our potential, the function f˜ ′(u) is given by
f˜ ′(u) =
1
16
v4R
(
f21
u2
− 4β
2
1
(u− λ1)2
)
(33)
which has the zeros u+ = f1λ1f1−2β1 and u− =
f1λ1
f1+2β1
and the field bilinears Kµ are given by
(Kµ(u±)) =

−β1
2(λ1−u±)
0
0
f1
4u±
 v2R =

1
0
0
±1
 ±f1 − 2β14λ1 v2R . (34)
Before we go on to discuss which minimum is the global one, we firstly have to consider another constraint
which the global minimum has to fulfill.
3.1.3 EWSB
While the correct breaking pattern SU(2)L×U(1)Y → U(1)em is obtained automatically in the standard one-
doublet model, this is not generally the case for the two doublet model. It is argued in [18], that the U(1)em
conserving minimum lies on the boundary KµKµ = 0. To be sure that there is a non-trivial minimum, the
potential has to decrease as one goes away from the the origin:
0 >
∂V
∂K0
∣∣
K0=0
= ξµk˜µ = ξ0 − ξTk > ξ0 − |ξ||k| , (35)
Here, we have used that K0 = ϕ
†
1ϕ1 + ϕ
†
2ϕ2 is a gauge and basis-independent measure of the distance from
the origin of field space. Since K2 ≥ 0 implies kTk ≤ 1, this gives the bound
ξ0 < |ξ|, (36)
which for our potential means
2β1 < |f1| . (37)
Since K0 = ϕ
†
1ϕ1 + ϕ
†
2ϕ2 and K3 = ϕ
†
1ϕ1 − ϕ†2ϕ2, it is clear that for u+ we have ϕ2 = 0 and thus tanβ = 0
and for u− we get ϕ1 = 0 and thus tanβ = ∞. Using that the global minimum is given by the largest
Lagrange multiplier and that ϕ†iϕi > 0 shows that for f1 > 0 the global minimum is given by u+ and for
f1 < 0 the global minimum is given by u−.
In Eq. (18), we have seen that the way in which we have approached the problem in this section using the
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Two Higgs Doublet model requires a hierarchy between the electroweak scale and the LR breaking scale.
The result of the minimization shows that
O (g2) !& 〈tr†〉
v2R
=
〈ϕ†1ϕ1〉+ 〈ϕ†2ϕ2〉
v2R
=
κ2 + κ′2
v2R
=
|f1| − 2β1
4λ1
(38)
this condition generally requires some (fine-)tuning between the parameters of the potential. Note that this
is not the case for the the GW condition κ+ = 0, as this was related to the free choice of the renormalization
scale.
3.2 Flat Directions of the General Higgs Potential
The Higgs potential Eq. (1) can be minimized analytically. We use the GW condition
0 =
∂V
∂α
∣∣∣
Ni=ni
= −8n23n24 sinα cosα (39)
to classify all different solutions. Clearly, these equations can only be fulfilled if either n3 = 0, n4 = 0 or
α = 0, pi2 .
The solutions Ia and Ib are given by α = 0 and α = pi2 , respectively. As the remaining equations are invariant
under the transformation (α, λ2, λ3)→ (pi2 − α,−λ3,−λ2), the solutions of type Ib can be straightforwardly
obtained from the solutions of type Ia.
The solutions IIa and IIb that are characterized by n3 = 0 and n4 = 0, respectively. Here we can also use the
invariance of Eq. (91) under the transformation (n23, n24, f1) → (n24, n23,−f1), and it is sufficient to discuss
the case IIa.
Under the assumption that both n1 and n2 are non-vanishing, we can find another equation that can be
used to classify the various solutions:
0 =
1
n1
∂V
∂N1
∣∣∣
Ni=ni
− 1
n2
∂V
∂N2
∣∣∣
Ni=ni
= κ2
(
n21 − n22
)
(40)
Assuming κ2 6= 0, all solutions therefore have to be either parity conserving in the doublet sector – meaning
n21 = n
2
2 – or maximally parity violating, meaning n1 ·n2 = 0. As the parity violating solutions are connected
by the replacement n21 → n22, it is sufficient to focus on the case n1 = 0. We will use an index P and P to
distinguish between the parity even and parity odd solutions in the doublet sector.
The remaining Eqs. (91) for the case n21 = n22 can be mapped onto the equations for the case n1 = 0, n2 6= 0
by the replacements (n21, n22, κ+) → (n22/2, n22/2, κ1). It is therefore sufficient to discuss the solutions with
n1 = 0 and n2 6= 0 as the other solutions can be obtained by those replacements.
All solutions (see Tab. 2) can therefore be obtained from the solutions IaP and IIaP which will be discussed
in the following.
3.2.1 Flat Direction IaP
For the case n1 = α = 0, the equations
0 =
1
n3
∂V
∂N3
∣∣∣
Ni=ni
− 1
n4
∂V
∂N4
∣∣∣
Ni=ni
= −
(
1
2
f1n
2
2 + 8λ2
(
n22 + 2n
2
3 − 1
))
and (41a)
0 =
1
n2
∂V
∂N2
∣∣∣
Ni=ni
=
1
4
(f1 + 2β1)
(−n22 − n23 + 1)+ 14n23 (2β1 − f1) + 12n22 (κ1 + κ2) (41b)
can be easily solved to give
n22 = −
32β1λ2
f21 + 32λ2 (−β1 + κ1 + κ2)
, n23 =
f21 + 2f1β1 + 32 (κ1 + κ2)λ2
2f21 + 64λ2 (−β1 + κ1 + κ2)
, n24 = 1− n22 − n23 (42)
As before, the condition V
∣∣∣
Ni=ni
= 0 gives an additional condition on the couplings:
IaP : κ+ =
β21
2(λ1+4λ2)
− f2132λ2 (43)
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GW condition n
2
1
n22
n21 + n
2
2
n23
n24
n23 + n
2
4 α
n23+n
2
4
n21+n
2
2
IaP κ+
κ1
}
=
β21
2(λ1+4λ2)
− f2132λ2
0 2(λ1+4λ2)
2λ1+8λ2−β1
4(2β1+f1)λ2+f1λ1
4(2β1−f1)λ2−f1λ1
−β1
2λ1+8λ2−β1 0
−β1
2λ1+8λ2IaP 1
IbP κ+
κ1
}
=
β21
2(λ1−4λ3) +
f21
32λ3
0 2(λ1−4λ3)
2λ1−8λ3−β1
4(2β1+f1)λ3−f1λ1
4(2β1−f1)λ3+f1λ1
−β1
2λ1−8λ3−β1
pi
2
−β1
2λ1−8λ3IbP 1
Ic λ1 = −4λ2 00 0 1 1 0 ∞
Id λ1 = 4λ3 00 0 1 1
pi
2 ∞
IIaP κ+
κ1
}
= (2β1−f1)
2
8λ1
0 4λ1
−2β1+f1+4λ1 ∞
2β1−f1
2β1−f1−4λ1 −
f1−2β1
4λ1IIaP 1
IIbP κ+
κ1
}
= (2β1+f1)
2
8λ1
0 4λ1
−2β1−f1+4λ1 0
2β1+f1
2β1+f1−4λ1 −
−f1−2β1
4λ1IIbP 1
IIcP κ+
κ1
}
= 0
0
1 00 0 − 0IIcP 1
IId λ1 = 0 00 0 0 1 − ∞
IIe λ1 = 0 00 0 ∞ 1 − ∞
Table 2: The flat directions of the model. Note, that for each maximally parity violating solution in the doublet sector,
that is given by a condition on κ+, there is another solution that is parity conserving given by the same constraint under
the replacement κ+ going to κ1. Furthermore for every solution there is another one that is connected by parity. Parity
interchanges n1 and n2, while leaving the other fields invariant. The angle θ is left undetermined for all solutions, while the
angle α is determined for the solutions of type I.
In this direction, both neutral components of the bidoublet have non-vanishing vacuum expectation values.
The ratio between the right-handed scale and the electroweak scale is given by
κ2 + κ′2
v2R
= − β1
2(λ1 + 4λ2)
(44)
and the ratio between the both bidoublet VEVs is given by
κ2
κ′2
=
8β1λ2 + f1 (λ1 + 4λ2)
8β1λ2 − f1 (λ1 + 4λ2) ≈ −1 + 32
λ2
f1
κ2 + κ′2
v2R
+O
((
κ2 + κ′2
v2R
)2)
. (45)
Note, that κ2/κ′2 < 0 to leading order which is in contradiction to the definition of κ, κ′ > 0. Hence, the
next-to-leading order term has to compensate the leading order term in κ
2+κ′2
v2R
otherwise this is not a flat
direction. This clearly requires some fine-tuning and is thus disfavored. Furthermore, this VEV ratio is
related to the hierarchy between the top and the bottom mass, as we will show in Sec. 3.3. If we want to
explain this hierarchy κ2/κ′2 ∼ (mt/mb)2 ≈ 402 and assume
(
κ2 + κ′2
)
/v2R ≈ (174 GeV/5 TeV)2, we clearly
need fine-tuning. This type of solution is therefore disfavored and we will thus focus on the solutions of type
II.
Using the invariance under (α, λ2, λ3) → (pi2 − α,−λ3,−λ2), we obtain solution Ib with the GW condition
κ+ = β
2
1/(2λ3 + 8λ2) + f
2
1 /(32λ3). For this solution, CP is spontaneously broken. In the limit λ1 + 4λ2 = 0
and λ1 − 4λ3 = 0, these solutions smoothly turn into the solutions IcP and IdP with the corresponding GW
conditions λ1 + 4λ2 = 0 and λ1 − 4λ3 = 0.
3.2.2 Flat Direction IIaP
The solution IIa for the case n1 = n4 = 0 can be easily obtained from the condition
0 =
1
n3
∂V
∂N3
∣∣∣
Ni=ni
= −1
4
(f1 − 2β1)n22 + λ1n23 =
1
4
(2β1 − f1 − 4λ1)n22 + λ1 (46)
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to be n22 = 4λ1/(4λ1−(2β1−f1)). The condition V
∣∣∣
Ni=ni
= 0 gives the additional condition on the couplings:
IIaP : κ+ =
(f1 − 2β1)2
8λ1
(47)
We have to calculate the scalar mass spectrum, in order to see if this solution is a minimum and not just
an extremum. We denote the excitation in the flat direction, the so-called scalon, by s and its orthogonal
complement by h8:(
s
h
)
=
(
n2 n3
−n3 n2
)(
χ0Rr
φ01r
)
=
(
cosϑ sinϑ
− sinϑ cosϑ
)(
χ0Rr
φ01r
)
= O(ϑ)
(
χ0Rr
φ01r
)
. (48)
The mixing angle is given by the relation between the EW and the LR breaking scale:
tan2 ϑ =
κ2
v2R
=
f1 − 2β1
4λ1
. (49)
The relative magnitude of the right-handed breaking scale versus the electroweak breaking scale, which we
call little hierarchy in the following, is therefore set by the relative strength of the intermediate couplings β1
and f1 to the quartic bidoublet coupling λ1. This is the case for all flat directions with non-vanishing VEVs
for both the bidoublet and the doublet. To obtain a reasonable hierarchy between these scales therefore
requires some fine-tuning, which is generic in LR-symmetric potentials (see e.g. [15]).
While the scalon mass vanishes at tree level, the state h gets a mass of:
m2h =
1
2
(f1 − 2β1)〈φ〉2 (50)
with 〈φ〉2 = (〈χ0Rr〉
2
+ 〈φ01r〉2) = 2(v2R + κ2). Phenomenology requires the mixing angle to be small and we
can therefore expand:
m2h ≈ 4λ1 v2R tan2 ϑ = 4λ1 κ2. (51)
Since the mixing angle is small, this field will play the role of the Standard Model Higgs particle and we can
apply the direct search bound
m2h ≈ 4λ1(174 GeV)2 & (114 GeV)2 ⇒ λ1 & 0.11. (52)
The other particle masses are given by
m2σ1 = m
2
σ2 =
f1
2
〈φ〉2 ≈ f1v2R (53a)
m2χ0Lr
= m2χ0Li
= − 4κ2λ1
f1 − 2β1 + 4λ1 〈φ〉
2 ≈ −2κ2v2R (53b)
m2
χ−Lr
= m2
χ−L i
=
−f21 + 2f1β1 + 8κ2λ1
−2f1 + 4β1 − 8λ1 〈φ〉
2 = m2χ0Lr
+ f1κ
2 ≈ −2κ2v2R (53c)
m2φ02r
=
2 (−8β1λ2 + f1 (λ1 + 4λ2))
f1 − 2β1 + 4λ1 〈φ〉
2 ≈ f1v2R + 8λ2κ2 (53d)
m2φ02i
=
2 (f1 (λ1 − 4λ3) + 8β1λ3)
f1 − 2β1 + 4λ1 〈φ〉
2 ≈ f1v2R − 8λ3κ2 (53e)
and the Goldstone bosons are given by pi1, pi2, φ−2 r, φ
−
2 i, φ
0
1i and χ
0
Ri, with(
pi1
σ1
)
= O(−ϑ)
(
χ−Ri
φ+1 i
)
and
(
pi2
σ2
)
= O(ϑ)
(
χ−Rr
φ+1 r
)
. (54)
8Here, we define for a complex field φ: φr =
√
2 Reφ and φi =
√
2 Imφ.
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The scalon mass is given by
m2s ≈
(
3g41 + 6g
2
2g
2
1 + 9g
4
2 + 64
(
κ22 + β
2
1
)
64pi2
+O
(
κ2
v2R
))
v2R . (55)
If the smallness of the EW scale with respect to the LR breaking scale is due to a cancellation of f1 against
2β1, meaning (f1 − 2β1) f1, β1, all of these masses are of the order of the LR breaking scale and only the
Higgs particle h has a mass of the EW scale. For this solution, only one of the neutral bidoublet components
obtains a VEV. To be a be a minimum, all particle masses have to be positive. This clearly implies f1 > 0
and κ2 < 0. There is another solution (IIbP ) with the constraint κ+ = (f1 + 2β1)
2
/(8λ1) that leads to
the same vacuum expectation values, with κ replaced by κ′ and f1 and −f1 interchanged. These solutions
precisely correspond to the solutions we have found in Sec. 3.1.2. The solution found in Sec. 2.2 is recovered
from solution IIa if 2β1 − f1 → 0. In the limit λ1 = 0 these solutions smoothly turn into the solutions IIdP
and IIeP with the GW condition λ1 = 0.
Like in Sec. 2.2, the GW conditions of the different flat directions can be translated in stability conditions
of the potential
min
(
κ+, κ+ +
f21
32λ2
, κ+ − f
2
1
32λ3
)
> 0 , min
(
κ1, κ1 +
f21
32λ2
, κ1 − f
2
1
32λ3
)
> 0 ,
λ1 > 0, λ1 + 4λ2 > 0 and λ1 − 4λ3 > 0 .
(56)
3.3 Fermion Masses and FCNCs
As the Higgs boson in the Standard Model, in the minimal LR symmetric model the bidoublet plays the
double role of providing masses to the fermions and breaking electroweak symmetry. The Yukawa couplings
LYuk = iY +Q
ij
Qi
1 + Γ
2
Qj + iYL
−ijLi
1− Γ
2
Lj + h.c. = −Y +Q
ij
QLiΦQRj − YL−†
ij
LLiΦ˜LRj + h.c. (57)
lead to the mass matrices
Mu =
κ√
2
Y +Q =
κ
κ′
Md, Ml =
κ√
2
Y −L =
κ
κ′
Mν . (58)
which are clearly not realistic as they would lead to vanishing mixing angles of the quark and lepton mixing
matrices and give phenomenologically wrong mass relations. By introducing small Z4 breaking Yukawa
couplings
LZ4Yuk = iY −Q
ij
Qi
1− Γ
2
Qj + iYL
+ijLi
1 + Γ
2
Lj + h.c. = −Y −Q
ij
QLiΦ˜QRj − YL+†
ij
LLiΦLRj + h.c. (59)
one can in principle avoid these problems. Note that the largest Z4 breaking coupling would have to be of
the order mbmt ∼ O (1%). This will not induce large Z4 breaking scalar couplings, as it can be shown using
the beta functions of the full theory without the Z4 symmetry which are given in App. E.
In the phenomenologically interesting case of condition IIaP with κ
′ = 0, the mass matrices are given by
Mu =
κ√
2
Y +Q , Md =
κ√
2
Y −Q , Mν =
κ√
2
Y +L , Ml =
κ√
2
Y −L (60)
which can be fitted to the experimental data, but there is no specific reason for the smallness of neutrino
masses or the flavor structure in general.
However, there is a general problem which has to be addressed in the context of minimal left-right
symmetric models, namely the issue of FCNCs. While for the case κ′ = 0 the neutral scalar φ01 is responsible
for electroweak symmetry breaking and plays the role of the SM Higgs boson, the second scalar φ02 contained
in the bidoublet has flavor changing interactions at tree level:
LFCNC = DLV †Y diagu V DRφ02 + h.c. , (61)
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where Y diagu = Y
+diag
Q and V are the up-type Yukawa matrix in the mass basis and the CKM matrix,
respectively. This leads to an effective ∆S = 2 Lagrangian [19,20]
L∆S=2 = 1
M2κ2
 ∑
j=u,c,t
V ∗jdmjVjs
2 [(dγ5s)2 − (ds)2] . (62)
Here the mass of the real and imaginary parts of φ02 has been assumed to be equal, m(φ02r) = m(φ
0
2i) = M .
As M is the only free parameter in this formula, one can obtain the bounds M > 15 TeV from the KL–KS
mass splitting and M > 25 TeV from Bs−Bs mixing [20]. This translates into a bound on the right-handed
scale in the multi-10 TeV range via the relation M2 ≈ f1v2R (see Eqs. (53d, 53e)) and thus precludes any
discovery at the LHC and reintroduces a (small) hierarchy problem. One therefore either avoids this problem
or lives with a certain amount of fine-tuning.
Note that this FCNC issue is independent of the VEV configuration of the bidoublet and unavoidable in the
minimal left-right symmetric models with a bidoublet. Models with a low right-handed scale therefore either
have to contain a mechanism for giving a large mass to the FCNC Higgs particle while keeping the SM Higgs
light, as required by electroweak precision data, or they have to generate the light fermion masses without
the bidoublet. Models that fall into the second category are the so called Alternative Left-Right Symmetric
Models [21] that introduce vector-like iso-singlet states which lead to see-saw masses for all fermions. Variants
of these models can lead to a phenomenologically viable fermion mass spectrum and may avoid the FCNC
problems.
Motivated by the fact that the top quark mass is practically given by the electroweak scale and much heavier
than all other quarks, it seems plausible that only the top mass is generated by the bidoublet and that a
different mechanism generates the other masses. This idea can be easily incorporated into our model. If we
replace the Z4 symmetry by a Z3L × Z3R symmetry in the spirit of [22]
Φ
Z3R−→ ωΦ, QR,i
Z3R−→ ω∗QR,i+1 mod 3, QL,i
Z3L−→ QL,i+1 mod 3 (63)
with ω being the cubic root of unity, we find λ2 = λ3 = 0 and no additional scalar coupling with respect to
the Z4 case. There is furthermore only one allowed Yukawa coupling:
−Lt = λt
(
QL,1 +QL,2 +QL,3
)
Φ (QR,1 +QR,2 +QR,3) (64)
which results in a mass matrix of rank one and thus only the top quark mass has a mass at tree level. The
remaining fermion masses might then be generated radiatively along the lines of [23]. Since the bidoublet
only couples to the top quark, it does not generate any FCNCs. In the RG analysis in the next section
we assume that the top mass is due to the Yukawa interaction with the bidoublet and that the FCNC
problem is solved. In addition to generating a realistic fermionic spectrum, any extension of the minimal
model presented here should also break the accidental symmetry A	 : 	→ eiβΓ	, because there is a remnant
symmetry A	 : χL → eiβχL in the preferred vacuum with 〈χL〉 = 0. This remnant symmetry leads to a stable
particle χ0L which is in conflict with direct detection experiments [24] because of its vector-like coupling to
the Z boson. Hence, the accidental symmetry has to be broken either completely or to a Z2 parity in order
to generate a mass splitting between the real and imaginary parts of χ0L. This splitting then kinematically
forbids the coupling to the Z boson(see e.g. [25]). Note that in the Alternative Left-Right Symmetric Models,
A	 is completely broken by the Yukawa coupling to the additional vector-like fermions.
3.4 Renormalization Group Evolution
In Sec. 2.3, we have demonstrated that the parity breaking solution is obtained for a large part of parameter
space. This is still valid in the full theory, since the mixing parameters β1 and f1 are supposed to be
small which can be seen from the β-functions shown in App. C. The scalar coupling f1 is multiplicatively
renormalized, because it is the only coupling which breaks the separate Spin(4) transformations of 	 and
 to the diagonal subgroup. As it has been pointed out in Sec. 3.2, the hierarchy between EWSB and LR
symmetry breaking scale is determined by the smallness of the parameters mixing 	 and , namely β1 and
f1 and the quartic couplings of . At tree level, the vanishing of β1 and f1 can be explained by a symmetry.
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However, the coupling β1 is generated via gauge boson loops and therefore the little hierarchy cannot be
explained by a (nearby) symmetry in this model.
In order to illustrate the scalar mass spectrum, we explicitly describe one scenario where left-right sym-
metry can be spontaneously broken by radiative corrections under the assumption, that the contribution of
the additional physics to explain the down-type quark as well as neutrino masses is negligible. The main
fermionic contribution stems from the top quark. The Higgs mass is fixed to mh = 120 GeV and the VEV
of the RH doublet to vR = 3 TeV which leads to gauge boson masses consistent with the experimental
bounds [26]9. Furthermore, we choose λ2 = −λ3 = 0.001, κ1 = 0.2 and β1 = 0.01 which leads to λ1 ≈ 0.119,
κ2 ≈ −0.200 and f1 = 2.16 · 10−2 at the LR breaking scale. Those parameters evolve to
λ1 ≈ 0.0285, λ2 ≈ 0.00637, λ3 ≈ −0.0271, κ1 ≈ 0.325, κ2 ≈ −0.102, (65)
β1 ≈ 0.0242, f1 ≈ 0.0119
at the Planck scale. At the energy scale µGW ≈ 15 TeV all parity-breaking conditions are fulfilled. However,
the potential has one flat direction of type IIa only, since the other parity-breaking solutions are either
unstable or correspond to imaginary field values. The scalar masses are given by
m2χ0Lr
= m2χ0Li
≈ m2
χ−Lr
= m2
χ−L i
≈ 1900 GeV
m2σ1 = m
2
σ2 ≈ 442 GeV (66)
m2φ02r
≈ m2φ02i ≈ 441 GeV .
Hence, the spectrum is split in a light sector which mainly originates from the bidoublet  and an heavy
sector originating from the doublet 	. The scalon mass
ms = 294 GeV (67)
is suppressed compared to the other masses originating from the doublet 	 by a loop factor. The mixing
angle between the SM Higgs and the neutral CP-even component of χR is given by
tanϑ =
κ
vR
≈ 0.06 (68)
which should lead to an interesting phenomenology of this scenario. The right-handed gauge boson masses
are above 1 TeV:
MZR = 1640 GeV and MW±R = 1360 GeV , (69)
but are still within the LHC reach. If it is possible to measure the the mixing angle θ by the different
branching ratios of the SM Higgs and the agent of LR breaking χ0R one can test our model by comparing it
to the ratio of gauge boson masses:
tanϑ =
κ
vR
≈ m(W
±
L )
m(W±R )
. (70)
This would be a striking indication for conformal left-right breaking.
3.5 Applicability
The small values of the couplings at the LR breaking scale call into question the applicability of the GW
method in this scenario, because all couplings are assumed to be of the order of the gauge coupling squared
9We do not take into account the bound on the right-handed scale recently obtained from the neutron electric dipole
moment [27] in the minimal left-right symmetric model with triplets, because we did not consider down-type quark masses and
it does not directly apply to Alternative Left-Right Symmetric Models where the right-handed down quark is not the SU(2)R
partner of the up quark.
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in [14] to ensure that the symmetry can only be broken in the flat direction. However, this condition can be
replaced by the weaker condition that the potential along an arbitrary direction φi = Niφ
V =
λ{Ni}
4!
φ4 (71)
should have an effective coupling λ{Ni} ∼ O
(
g2
)
. As the terms κ12 (		)
2 and λ1(tr†)2 can be written in
real component fields as the squares of O(4)-symmetric field bilinears
κ1
2
(		)2 =
κ1
4
(
N21 +N
2
2 +N
2
5 +N
2
6
)2
φ4
and
λ1(tr
†)2 =
λ1
2
(
N23 +N
2
4 +N
2
7 +N
2
8
)2
φ4,
those terms give the same contribution in any direction in field space, and the Gildener-Weinberg method
can be applied as long as 12λ1 ∼ O
(
g2
)
and 8κ1 ∼ O
(
g2
)
. According to [14], g is defined as the gauge
or Yukawa coupling resulting in the largest contribution to the effective potential which is due to the top
Yukawa coupling yt ∼ O (1) in our model. Hence, the quartic scalar couplings λ1 and κ1 should be of order
O (0.1), which is fulfilled. Therefore, the GW discussion is applicable.
4 Summary and Conclusions
In this work, we studied the symmetry breaking mechanism in the minimal conformally invariant left-right
symmetric model. We were motivated to study such a scale-invariant model because of the recent work of
Meissner and Nicolai, who have argued that classical conformal symmetry might be considered as a possible
alternative solution to the hierarchy problem within the framework of 4D quantum field theory.
Using the framework of Gildener and Weinberg [14], we calculated all flat directions and classified them
according to symmetries of the scalar potential. It turns out that there are only two inequivalent classes (I
and II) of such directions which are not connected by a symmetry or contained as limit in another case. The
solutions of type I only exist for a rather small part of the parameter space that gives vR  κ. Thus we
focused on the solutions of type II which result in κ′ = 0. We have discussed the phenomenologically most
interesting flat direction IIaP in detail. The one-loop effective potential along the flat direction stabilizes
the scalon and determines its mass. All other scalar masses are either close to the LR symmetry or close to
the electroweak symmetry breaking scale depending on the quartic scalar couplings. This splitting is due to
the assumed smallness of β1 and f1 which describe the mixing between the bidoublet  and the doublet(s)
	. In the limit of vanishing gauge interactions, the smallness is natural because in the limit of vanishing β1
and f1 the conformal transformations of  and 	 become independent and the symmetry is enhanced [28].
However, on the quantum level, the coupling β1 is generated by gauge boson loops and the little hierarchy
between electroweak and LR symmetry breaking scale cannot be explained. The study of flat directions in
the Gildener-Weinberg framework is complemented by a study of the renormalization group equations which
are summarized in App. C in order to determine the relevant flat direction for the ground state of the model.
Parity is broken in a large fraction of parameter space and there is a region in parameter space which leads
to the flat direction IIaP , as it has been shown in Secs. 2.3 and 3.4. Hence, a phenomenologically viable
scalar mass spectrum can be obtained as well as up-type quark and charged lepton masses. However, the Z4
symmetric model is not a realistic model of fermion masses. Supplementing this model by small Z4 breaking
Yukawa couplings one can obtain a realistic spectrum. The problem of this approach to fermion masses is,
however, that whenever the up-type fermion masses are generated through the bidoublet, FCNCs constrain
the right-handed scale to be above 20 TeV. This reintroduces a hierarchy problem and is a general feature of
LR symmetric models. Since this work is focused on the scalar sector and the symmetry breaking sequence,
we did not present a full theory of fermion masses but only alluded to various solutions that exist in the
literature [21, 23]. However, one might raise the question why the bidoublet is introduced in the first place.
There are two answers to this question: Firstly, we strongly suspect that the large top mass is generated
at tree level by the bidoublet Yukawa couplings, and secondly without the bidoublet one finds vL = 0 and
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therefore no EWSB. In Alternative Left-Right Symmetric Models [21], the latter problem is usually addressed
by introducing LR breaking scalar mass terms, which we do not consider as it would violate both conformal
and LR symmetry. Interestingly, one can introduce a discrete symmetry Z3L × Z3R , which results in the
Yukawa coupling (
∑
iQL,i)Φ(
∑
j QR,j), as it has been discussed in Sec. 3.3. Hence, the up-type quark mass
matrix has rank one and therefore only the top mass is generated at tree level.
It should also be stressed that the scalar spectrum of the model shows some peculiar features that enable
to distinguish the model from LR symmetric models that do not originate from a classically conformal
theory. The two lightest scalars in the theory are the SM Higgs and the excitation in the flat direction of
the potential (the scalon). The mixing angle ϑ between the two states should be experimentally accessible
through the branching ratios of the various decays and can be compared to the mass-ratio of the left- and
right-handed W bosons. The conformal breaking scenario presented in this paper predicts these to be equal,
tanϑ = κ/vR ≈ m(W±L )/m(W±R ) (see Eq. (70)). We believe that a confirmation of this prediction would
constitute a striking indication for conformal left-right symmetry breaking. One should further note that
this prediction is only possible due to the enlarged gauge group and marks an advantage of this model with
respect to singlet extensions of the SM.
Let us comment further on the view of the hierarchy problem we take in this paper following the approach
of Meissner and Nicolai. We assume that there is a UV finite theory of gravity that becomes classically
conformally invariant in the flat space limit, which is taken to be the fundamental reason for the appearance of
small mass scales in comparison to the Planck scale in nature. Since the Planck scale effects are communicated
to the particle physics action only through the logarithmic running of the coupling constants, the generation
of the hierarchy seems well motivated. It should be noted, however, that the stabilization of this hierarchy
explicitly requires this special property of the quantum gravitational embedding and therefore requires
"’something extra’ beyond quantum field theory" [4]. Any embedding into a conventional quantum field
theory at any scale between the LR breaking scale and the Planck scale would lead to quadratical corrections
of the Higgs mass term of the order of the embedding scale. This is to be contrasted with supersymmetry,
which does not require some special property of Planck scale physics to stabilize the weak scale, but where
the generation of the hierarchy between the scales remains unexplained.
Concluding, classical conformal symmetry may have a role to play in generating the hierarchy between
the Planck and electroweak scales. In this paper we studied a model exhibiting many generic features of
conformal left-right breaking. It will be interesting to explore variants which systematically avoid FCNCs.
It also seems very promising to study versions where the Higgs boson is the pseudo Nambu-Goldstone boson
of an additional symmetry, which would be a natural explanation for the separation of the electroweak and
left-right breaking scales.
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A Description of the Model
As explained before, we use the isomorphism between SU(2) × SU(2) and Spin(4) to express the minimal
left-right symmetric model based on the gauge group SU(2)L × SU(2)R × U(1)B−L in terms of the various
representations of SO(4) of which Spin(4) is the double covering group. The quarks and leptons transform
as spinors of SO(4):
L→ exp
(
1
2
αABΣ
AB
)
L =: S(A)L (72)
where A = 1+α is a general SO(4) transformation. The explicit form of the generators ΣAB can be obtained
from the Clifford algebra
{
ΓA, ΓB
}
= 2δAB in the same way as for the Lorentz group. We use a hermitian
representation given by
ΓA =
(
0 σA
σ¯A 0
)
. (73)
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with σA = (σ, i1), σA = (σ,−i1) and the Pauli matrices σ = (σ1, σ2, σ3). The generators of the Spin(4)
group are formed by ΣAB = 14
[
ΓA, ΓB
]
. We can define a chirality operator
Γ = Γ1Γ2Γ3Γ4 =
(
1
−1
)
(74)
which allows us to define projection operators on left-, and right-chiral states PL/R = 1±Γ2 . The standard
left-handed SU(2)L doublet LL = (νL eL)
T can be obtained from L by LL = PLPLL and LR = PRPRL with
the standard Lorentz group projection operators PL and PR. The spinors further have to fulfill the condition
PLPRL = PRPLL = 0 . (75)
The chirality operator anticommutes with all Γ matrices
{
Γ,ΓA
}
= 0 and therefore commutes with ΣAB
and the charge conjugation operator
C = Γ2Γ4 . (76)
The charge conjugation matrix C further satisfies CΓATC−1 = ΓA which ensures that ΣAB = CΣAB∗C−1.
Apart from the spinor representation, we use the vector representation which corresponds to the bidoublet
in the minimal LR symmetric model. We use the Clifford algebra to rewrite the vector φA, that transforms
as φA → AABφB , as the bidoublet matrix  = φAΓA that transforms according to
→ S(A)S−1(A). (77)
We further define a parity transformation P in complete analogy to the Lorentz group. Under parity, a SO(4)
spinor transforms as
P : 	→ Γ4	 (78a)
and the bidoublet transforms as
P : → −Γ4†Γ4 . (78b)
The phases of the transformations have been chosen such that in terms of the standard fields, we recover
the transformation properties χL ↔ χR and Φ↔ Φ†. The scalar fields Φ and 	 in components read
 =
(
0 Φ
−Φ˜† 0
)
Φ =
1√
2
(
φ01 φ
+
1
φ−2 φ
0
2
)
(79a)
	 =
(
χL
−iχR
)
χL/R =
(
χ0L/R
χ−L/R
)
(79b)
where the real components of the complex scalar fields χ0L/R, φ
0
i , χ
−
L/R, φ
+
1 and φ
−
2 are denoted by the indices
r and i in the form
φ =
φr + iφi√
2
. (80)
B Lagrangian
The gauge kinetic part is defined by
Lgauge = −1
4
BµνB
µν +
1
4
trWµνW
µν − 1
2
trGµνG
µν . (81)
The field strength corresponding to the Spin(4) gauge connections is defined by
[Dµ, Dν ]
∣∣
W
=
g2√
2
(∂µWν − ∂νWµ) + g
2
2
2
[Wµ,Wν ] =:
g2√
2
Wµν (82)
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and the SU(3)C color gauge group as well as the B − L symmetry are described as usual. The Spin(4) field
strength is defined by
Wµν = ∂µWν − ∂νWµ + g2√
2
[Wµ,Wν ]
=
[
∂µW
AB
ν − ∂νWABµ +
g2√
2
(
WBEµ W
AE
ν −WBEν WAEµ
)]
ΣAB
(83)
The fermionic kinetic term can be written
Lkin,fermion = LiDLL+ QiDQQ (84)
where the covariant derivatives are defined by
DLµ = ∂µ − i
1
2
g1Bµ +
1
2
g2√
2
WABµ Σ
AB (85)
DQµ = ∂µ + i
1
6
g1Bµ +
1
2
g2√
2
WABµ Σ
AB + i
g3
2
Gmµ λ
m , (86)
λm being the Gell-Mann matrices. The scalar kinetic term is given by
Lkin,scalar = Dµ	Dµ	+ tr (Dµ)†Dµ (87)
Finally, the Higgs potential is shown in Eq. (1) and the Yukawa couplings in Eq. (57).
C Renormalization Group Equations
Here, we collect all beta functions. The RG equations of the gauge couplings are described by
16pi2βgA := 16pi
2µ
dgA
dµ
= bAg
3
A (88)
with the coefficients (bSU(3)C , bSpin(4), bU(1)B−L) = (−7, − 176 , 3). The β functions of the remaining parame-
ters in the Lagrangian are
ββ1 =
1
256pi2
[−4β1 (−8β1 + 6g21 + 27g22 − 2(20κ1 + 4κ2 + 40λ1 + 32λ2 − 32λ3 + T2))+ 24f21 + 9g42]
(89a)
βf1 =
f1
64pi2
[
16β1 − 6g21 − 27g22 + 8κ1 + 8κ2 + 16(λ1 − 4λ2) + 64λ3 + 2T2
]
(89b)
βκ1 =
1
512pi2
[
κ1
(−96g21 − 144g22 + 576κ1 + 384κ2)+ 192κ22 + 256β21 + 128f21 + 24g41 + 12g21g22 + 9g42]
(89c)
βκ2 =
1
512pi2
[
κ2
(−96g21 − 144g22 + 512κ1 + 384κ2)+ 128f21 + 12g21g22 + 9g42] (89d)
βλ1 =
1
128pi2
[
λ1
(−72g22 + 256 (λ1 + λ2 − λ3) + 8T2))+ 1024 (λ22 + λ23)+ 32β21 + 8f21 + 9g42 − 4T4]
(89e)
βλ2 =
1
512pi2
[
λ2
(−288g22 + 768λ1 + 3072λ2 + 1024λ3 + 32T2)− 8f21 + 3g42 + 2T4] (89f)
βλ3 =
1
256pi2
[
λ3(−144g22 + 384λ1 − 512λ2 − 1536λ3 + 16T2) + 4f21 − 3g42 − T4
]
(89g)
βY −
L
=
1
64pi2
[
(−6g21 − 9g22)Y −L + Y −L T2 + 4Y −L
3
]
(89h)
βY +
Q
=
1
64pi2
[
(−2
9
g21 − 9g22 − 32g23)Y +Q + Y +Q T2 + 4Y +Q
3
]
(89i)
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where we have used
T2 = tr(Y
−
L
2
+ 3Y +Q
2
) (90a)
T4 = tr(Y
−
L
4
+ 3Y +Q
4
) . (90b)
D Gildener Weinberg Conditions
0 =
∂V
∂N1
∣∣∣
Ni=ni
= n1
(−n23 (f1 − 2β1) + n24 (f1 + 2β1) + 2n21 (κ1 + κ2) + 2n22 (κ1 − κ2)) (91a)
0 =
∂V
∂n2
∣∣∣
Ni=ni
= n2
(−n23 (f1 − 2β1) + n24 (f1 + 2β1) + 2n21 (κ1 − κ2) + 2n22 (κ1 + κ2)) (91b)
0 =
∂V
∂N3
∣∣∣
Ni=ni
= n3
(
4
(
n23 + n
2
4
)
λ1 −
(
n21 + n
2
2
)
(f1 − 2β1)
)
+ 32n3n4
(
n3λ2 cos
2(α)− n4λ3 sin2(α)
)
(91c)
0 =
∂V
∂N4
∣∣∣
Ni=ni
= n4
(
4
(
n23 + n
2
4
)
λ1 +
(
n21 + n
2
2
)
(f1 + 2β1)
)
+ 32n3n4
(
n4λ2 cos
2(α)− n3λ3 sin2(α)
)
(91d)
0 =
∂V
∂α
∣∣∣
Ni=ni
= −8n23n24 (λ2 + λ3) sin(α) cos(α) (91e)
0 =
∂V
∂θ
∣∣∣
Ni=ni
= 0 (91f)
0 = V
∣∣∣
Ni=ni
= n24
((
n21 + n
2
2
)
(f1 + 2β1) + 4n
2
3 (λ1 + 4λ2 − 4λ3)
)
+ 16n23n
2
4 (λ2 + λ3) cos(2α)
+
(
n21 + n
2
2
)2
κ1 +
(
n21 − n22
)2
κ2 + 2
(
n43 + n
4
4
)
λ1 −
(
n21 + n
2
2
)
n23 (f1 − 2β1) (91g)
1 = n21 + n
2
2 + n
2
3 + n
2
4 (91h)
E Z4 Breaking Terms
The Z4 breaking terms in the Higgs potential are
VZ4 = λ4
(
tr†
) (
tr+ tr††
)
+ β2
(
tr+ tr††
)
		+ iβ3
(
tr− tr††)	Γ	 . (92)
In principle, there is also a kinetic mixing term trDµDµ, which we choose to vanish by an appropriate
basis transformation. It is, however, generated radiatively. We take this into account in the calculation of
the β-functions by a rediagonalization of the kinetic term analogously to the Yukawa couplings10. They lead
to changes in the RG equations (βλ = βλZ4 + δβλ) which are summarized as follows
δββ1 =
1
64pi2
[
32(β22 − β23) + 4β2(48λ4 − T−)− β1T+
]
(93a)
ββ2 =
1
64pi2
[
β2
(−6g21 − 27g22 + 2(20κ1 + 4κ2 + 8λ1 + 160λ2 + 32λ3 + 8β1 + T2 + T+))
+ 48λ4β1 − T−β1
]
(93b)
ββ3 =
β3
64pi2
(
16β1 − 6g21 − 27g22 + 8κ1 + 40κ2 + 16(λ1 − 4λ2)− 320λ3 + 2T2 + 2T+
)
(93c)
δβf1 =
f1
32pi2
T+ (93d)
10In our calculation the off-diagonal terms do not arise at the one-loop level.
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δβκ1 =
2
pi2
β22 (93e)
δβκ2 =−
2
pi2
β23 (93f)
δβλ1 =
1
256pi2
[
− T+ − T3 + 16
(
48λ24 − λ4T− + λ1T+
) ]
(93g)
δβλ2 =
1
512pi2
[
128β22 + 384λ
2
4 + 32λ2T+ − 8λ4T− − T+ + T3
]
(93h)
δβλ3 =
1
256pi2
[
32β23 + 16λ3T+ − T4
]
(93i)
βλ4 =
1
64pi2
[
λ4
(−36g22 + 192λ1 + 768λ2 + 4T2 + 4T+)− 2T−(λ1 + 4λ2) + 32β1β2 + 12T−
]
(93j)
βY +
L
=
1
64pi2
[
(−6g21 − 9g22)Y +L + Y +L (T2 + T+) + Y −L T− + 4Y +L
3 − 2{Y −L
2
, Y +L }
]
(93k)
δβY −
L
=
1
64pi2
[
Y −L T+ + Y
+
L T− + 4Y
−
L
3 − 2{Y −L , Y +L
2}
]
(93l)
δβY +
Q
=
1
64pi2
[
Y +Q T+ + Y
−
Q T− + 4Y
+
Q
3 − 2{Y −Q
2
, Y +Q }
]
(93m)
βY −
Q
=
1
64pi2
[
(−2
9
g21 − 9g22 − 32g23)Y −Q + Y −Q (T2 + T+) + Y +Q T− + 4Y −Q
3 − 2{Y −Q , Y +Q
2}
]
(93n)
where we have used
T+ = tr(Y
+
L
2
+ 3Y −Q
2
) (94a)
T− = 2 tr(Y −L Y
+
L ) + 6 tr(Y
+
Q Y
−
Q ) (94b)
T+ = trY +L
4
+ 4trY +L
2
Y −L
2
+ 2tr
(
Y +L Y
−
L
)2
+ 3 (L± → Q∓) (94c)
T− = 2
(
trY −L Y
+
L
3
+ trY +L Y
−
L
3
)
+ 3 (L± → Q∓) (94d)
T3 = 3trY +L
4 − 4trY +L
2
Y −L
2 − 2tr (Y +L Y −L )2 + 3 (L± → Q∓) (94e)
T4 = trY +L
4 − 4trY +L
2
Y −L
2
+ 2tr
(
Y +L Y
−
L
)2
+ 3 (L± → Q∓) . (94f)
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